Catch crops have been found to decrease leaching of nitrates into surface water and groundwater, but they also have the potential to increase P loadings to natural waters due to plant destruction during freezing-thawing events. An indoor lysimeter experiment was performed using a clay and a sand soil with four different plant species applied: perennial ryegrass (Lolium perenne L.), honey herb (Phacelia tanacetifolia Benth.), chicory (Cichorium intybus L.), and oilseed radish (Raphanus sativus L.). These plants were exposed to simulated rainfall and freezing events in two separate experiments, one using topsoil columns with plant material added and one with plant material only. The sand and clay soils had significantly different control total-P leaching loads after all freezing events, with a mean of 0.32 kg ha -1 for the clay and 0.88 kg ha -1 (P < 0.001) for the sand. The combined (soil including plant material) total-P leaching loads from the clay soil were in the order: chicory (2.6 kg ha -1 ) > ryegrass (2.3 kg ha -1 ) > oilseed radish (2.2 kg ha -1 ) > honey herb (1.3 kg ha -1 ), with considerably smaller loads from the sand. Phosphorus losses were greater from the plant-only experiment, with chicory (51.7 kg ha -1 ) > oilseed radish (43.2 kg ha -1 ) > honey herb (18.4 kg ha -1 ) > ryegrass (10 kg ha -1 ). The results indicate that soil texture and plant choice can have a large impact on P leaching loads entering natural waters in cold regions and that soils act as an efficient filter for P released from catch crop residues.
T he P loading to the Baltic Sea is of great concern to the surrounding Baltic nations due to its effect on water quality. Agricultural nonpoint-source pollution is reportedly the largest contributor of P to this problem, contributing as much P as all other anthropogenic sources combined (Bergström et al., 2007) . These contributions come from a range of different sources, including stored manure piles, overfertilization of crops, as well as soil runoff due to poor soil management. One often neglected source of P is leaching from catch crops.
Catch crops, or cover crops as they are also known, have been traditionally used as a "mop up" crop, planted to remove any excess available soil nutrients, specifically NO 3 -N after a summer crop has been harvested (Bergström and Jokela, 2001 ). In Sweden, catch crops are used on 4.5% of arable land and as of 2011 represented around 120,000 ha (Sweden's Environmental Objectives Portal [Miljömål] , http://www.miljomal.se/sv/ Environmental-Objectives-Portal/). The use of a catch crop reduces the risk of NO 3 leaching during the following winter period because it is bound within plant residues until the following spring. Accordingly, farmers in Sweden are being encouraged to grow catch crops through regulations such as the requirement for agricultural land owners in the southern region to have at least 50% of their arable land covered by a winter catch crop to reduce NO 3 leaching (Ulén, 1997) . The farmers are encouraged to do this with monetary incentives for every hectare in catch crops. The large gains from some management practices aimed at reducing losses of a specific nutrient, however, can in fact magnify the losses of another (Bechmann et al., 2005) . Tukey et al. (1957) realized that if plants have the ability to take up nutrients, they can also equally lose them, which is often the case for P. Timmons et al. (1970) found this when conducting an experiment on nutrient losses from lucerne (Medicago sativa L.) and bluegrass (Poa pratensis L.). Surface runoff from these crops could contribute significant amounts of P to lakes and streams. Even though there has been increasing research into leaching losses of P (Schreiber and McDowell, 1985) , the focus has mostly been on runoff losses (Sharpley, 1981; Sharpley and Smith, 1991; Uusi-Kämppä, 2007; Bechmann et al., 2005) . These researchers have found that, although an increase in inorganic P is found in runoff, less particulate P related to soil erosion is found due to the soil stabilizing effects of the crop. Leaching of P through the soil has been found to be negligible in the majority of soils due to the sorption ability of the soil (Sinaj et al., 2002) . Recent research suggests, however, that it still poses a threat to subsurface water systems (Bergström et al., 2007) . Because 90% of arable land in Sweden is tile drained, the leachate that passes through the soil profile is generally intercepted and carried away to surface drains, which lead to streams and rivers, and a large proportion ends in the Baltic Sea rather than reaching groundwater. This gives an important link between leaching and surface water contamination by P.
Another major aspect of P losses from catch crops is the increased leaching losses caused by freezing and thawing of the plant material, a typical winter scenario in many parts of the world. Heber (1967) commented that the membranes that surround the protoplasm of plants cells are damaged by frost. Tukey and Morgan (1963) found that when plant tissues are damaged by very low temperatures, P leaching losses increase greatly. Plants exposed to frost release large amounts of P (Uusi-Kämppä, 2007) . In a study of lucerne, Timmons et al. (1970) found that losses of soluble inorganic P from frozen and thawed plants that were subsequently irrigated were 46 times higher than from plants not frozen and thawed. The results from Torstensson et al. (2006) also showed higher leaching losses of P from a soil with catch crops than without, which was explained by the freezing of plant material in the autumn and early winter.
Various researchers have also found that the leachability and nutrient content of plant material varies between plant species (Schreiber and McDowell, 1985; Jones and Bromfield, 1969) and plant age (Tukey, 1970; White, 1973 ). An experiment conducted by Miller et al. (1994) found concentrations in plant leachates from 2.0 to 15 mg P L -1 for red clover (Trifolium pratense L.) and oilseed radish, respectively. This suggests that plant choice is also a critical factor in controlling the losses of P by leaching when growing catch crops.
The soil type is another factor for consideration, even though most soils show little or no loss of P through leaching because PO 4 2-ions are rapidly adsorbed or precipitated by soil fractions (Whitehead, 2000) ; however, some situations can allow higher concentrations of P in leachate. This can include cracking in soils that can create macropores, allowing surface water to travel directly to deeper layers of the soil (Wiederholt and Johnson, 2005) , increasing the risk of P loss.
With a large part of the nutrient dynamics of catch crops, including their potential P loss and its subsequent relationship to soil properties, not clearly understood, enforcing catch crops would not be an ideal prevention method for P leaching. For this reason, the main objectives of this research project were to give practical comparisons of what leaching could occur if one catch crop was chosen over another and if planted on one soil type as opposed to another. The objective was not to give specific quantitative amounts of actual leaching but to give qualitative values of P that could be potentially leached and transported to surface waters via field drainage systems and therefore contribute to eutrophication.
To investigate this problem, research was performed to determine the P losses after four different catch crops had been applied on two soil types, as well as a bare soil, under simulated freezing climatic conditions in an indoor lysimeter experiment. A second experiment was also performed using only plant material from the same plants, combined with freezing-thawing and artificial rainfall to determine P leaching loads from plant material that had not been exposed to the adsorption abilities of the soil as in the first experiment. This made this experiment different from other previous similar studies of catch crops and P leaching in that we had the ability to remove the soil effect from the total losses, allowing a true comparison of the different soils and crops selected, and to identify their part in the leaching process.
MATERIALS AND METHODS

Lysimeter Collection
Two different soil types were used: a loamy sand soil (Nåntuna) from Uppsala, Sweden (59°48¢42.78² N, 17°40¢41.88² E) classified as an Arenosol by the World Reference Base system (IUSS Working Group WRB, 2006) and an Entisol by the U.S. soil taxonomy and a silty clay soil (Brunnby) from Västerås, Sweden (59°36¢51.57² N, 16°39¢34.08² E) classified as a possible Cambisol (no investigation was undertaken) and an Inceptisol by the U.S. soil taxonomy. These soil types were chosen as a representation of arable soils in Sweden, where clay-textured soils account for around 30% and sand-textured soils around 40% of the total arable land (Eriksson et al., 1999) . The P contents and soil texture from the two sites are included in Table 1 .
Twenty 190-mm inner diameter by 250-mm length polyvinyl chloride sewer pipes were inserted in the soil at each of the two sites. At the Brunnby site (6 Nov. 2009), a tractor with a front-end loader was used to press the pipes with a metal cutting edge into the ground. The soil was almost bare apart from a few weeds. At the Nåntuna site (13 Nov. 2009), a sledge hammer was used to hand drive the pipes with the metal edge because the soil was mainly sand. This soil was badly contaminated with couch grass [Elymus repens (L.) Gould ssp. repens]. The tubes filled with soil were then dug out, capped at both ends, and stored at 5°C and covered from light until used.
Plant Material and Analyses
Four plant species were used: Helmer perennial ryegrass, Stala honey herb, Puna chicory, and Adios oilseed radish. These species were chosen as being common Swedish catch crops, with the exception of honey herb, which has been found to be efficient at removing soil nutrients, especially P, from poor soils (Eichler-Löbermann et al., 2009) . The four plant species were grown in a glasshouse from 14 Jan. 2010 until 23 Feb. 2010, for a total of 40 growing days, at a temperature of 23°C between 0600 and 2300 h and 18°C from 2300 to 0600 h the following day. Growing lights were used once the plants had germinated to increase the growth rate of the plants, with on and off times set to follow the daily temperature changes. All plants were sown in containers filled with commercial planting soil at a rate of 8 kg ha -1 to simulate a typical farm sowing. The plants were irrigated every second day and only one application of a high N based inorganic fertilizer with a composition of 21-3-10 (N-P-K) was applied on 5 Feb. 2010 at rates of 100 kg N ha -1 , 14.3 kg P ha -1 , and 47.6 kg K ha -1 . The fertilizer was first ground up, then applied, followed by irrigation of approximately 5 mm. There was no desired growth stage targeted for the plants, only that all the plants had equal growing time, again to simulate a farming type situation. When the plants were harvested, some of the oilseed radish had started to flower, while the rest were still in the vegetative stage. The amount of plant material added to each lysimeter from the original growing containers was based on the sowing rate of 8 kg ha -1 and then the calculated number of plants of each species that should grow per hectare, which varied due to the different seed sizes of the different species; then this number was recalculated to a lysimeter soil area basis (Table 2) .
Plant material, including roots, was removed from the growing containers, any attached soil was brushed off, and the plant material was weighed separately as tops and roots and then spread on the soil surface of each of the lysimeters. There were three, four, or five replicates used in the experiment: three for the honey herb, four for the ryegrass, chicory, and oilseed radish, and five for the control treatment (bare soil only). A shortage of honey herb plant material was the reason why there were only three replicates, with the unused replicate lysimeter added to the control treatment instead.
Plant samples were analyzed for total P to be able to quantify the initial amount of total P added from within the different plants (Table 3 ). The plant material was weighed, dried at 50°C for 3 d, and ground. Approximately 1.5 g dry weight of the ground plant material was transferred to a 50-mL Kjeltec tube, 10 mL of concentrated HNO 3 was added and the samples were left overnight to start the breakdown of organic matter. The samples were boiled with stepwise increasing temperature for 1 h at 60°C, 1 h at 100°C, and 4 h at 125°C. After 2 h at 125°C, an additional 5 mL of concentrated HNO 3 was added. The samples were diluted to 50 mL with distilled water after cooling and then analyzed by inductively coupled plasma-optical emission spectrometry (Optima 7300 DV, PerkinElmer) to give total P values.
Irrigation, Freezing-Thawing Procedures, and Leachate Measurements and Analyses
Before installation in the irrigation chamber, an additional section of 100-mm-deep sewer pipe was taped to the top of the original pipe to stop any water splash loss from the irrigation procedure. A 50-mm nylon filter mesh was placed under the base of each lysimeter, then placed in a stainless steel collection pot and transferred to one of the two simulators. The collection pot was then connected to a 1-L glass collection bottle underneath to catch the leachate. A more detailed description of the irrigation chamber was provided by Liu et al. (2012) . The lysimeters were irrigated for 10 h at a rate of 5 mm h -1 (total ?50 mm) using tap water, with collection bottles changed after 5 h. The rate was chosen as a possible high-rainfall scenario based on a 1 in 20 yr occurrence in Sweden (Swedish Meteorological and Hydrological Institute, www.smhi.se, accessed 21 June 2012). The irrigation water was applied in 6-s spray application intervals with 55-s pauses at a pressure of 0.05 MPa, as this was the only way to adjust the application rate with this system. During calibration testing, the application of 5 mm of rainfall per hour was targeted, with a range of 4.7 to 6 mm achieved between the two simulators, which was considered acceptable. To reduce the risk of any soil or plant column being advantaged or disadvantaged, there was a random assignment of lysimeters to simulators for all four simulations.
Once irrigated, the columns were left to drain for 3 d. For two of the clay replicates in the second rainfall simulation with oilseed radish and one chicory replicate in Simulation 4, the collected drainage volumes were extremely small due to surface water ponding. These soil columns were removed from the data set for that particular simulation event. During the third irrigation, the irrigation system did not stop after the predetermined 10 h but instead after 22 h, causing excessive irrigation and subsequent loss of leachate water. The overwatering resulted in 18 of the total 40 lysimeters being removed from the experiment. This left four ryegrass (two clay and two sand), two honey herb (one clay and one sand), four chicory (two clay and two sand), four oil seed radish (one clay and three sand), and eight control (four clay and four sand) usable lysimeters remaining. Only these remaining lysimeters were used in the fourth simulation. Those lysimeters that were removed from the third and left out of the fourth simulation and those that had drainage problems were not included in the statistical analysis due to possible excessive leaching and possible resulting reducing conditions potentially affecting P release. After drainage had been collected, the soil columns were placed in a freezer at -18°C for 3 d. They were then removed and allowed to thaw for 24 h at room temperature (?20°C), after which the process was repeated another three times, giving four irrigation events and three freezing events. The leachate volumes were measured and 100-mL subsamples were retained for analysis of total P and PO 4 -P according to the method of the European Committee for Standards (1996) .
Plant-Only Experiment
In an attempt to calculate how much P was potentially lost from the plant material during freezing and thawing, a second experiment was conducted with only plant material and no soil. Three replicates of each plant species-ryegrass, honey herb, chicory, and oilseed radish-and three control treatments were used. Similar amounts of plant material as in the previous experiment were placed into metal pots on top of 50-mm nylon filter mesh and were connected to glass bottles to collect water. The control treatment contained no plant material. The material was then placed in the rainfall simulator and irrigated, frozen, and thawed the same as in the previous experiment. The leachate volumes were measured, subsampled, and analyzed as before.
Calculations and Statistical Analysis
Leached amounts of P were calculated from leachate concentrations for each plant species using the analysis concentration and leachate volume collected for each individual lysimeter. These values were then converted into P loads (in kg ha -1 ). Values presented for each of the treatments are means of the combined replicates.
The statistical analysis included a two-way ANOVA to compare the soil types using SAS version 9.2 (SAS Institute). The soil comparison was done by taking the means of all treatments within each soil type and comparing them for the separate P analysis and simulation runs. Two separate two-way ANOVAs were completed to compare the two different soils and the plant ´ soil interaction. The overwatering during Simulation 3 resulted in some of the lysimeters being left out of the statistical analysis due to possible leaching differences.
The first ANOVA was within each soil to see differences between simulation runs and P tests and the second was to get statistical information on all comparison possibilities between the different soils and different treatments within each simulation run and within each P test. Significant differences identified are at a 95% confidence interval (P < 0.05), anything below this was considered as not significant.
RESULTS AND DISCUSSION
Amounts of Leachate
There was no significant difference in the amounts of drainage between the two soils (Table 4) . Because the soil columns were not adjusted to a common specific soil water content at the start of the experiment, however, drainage amounts for the first rainfall simulation were small and variable in comparison with the other three. The soil water content had to reach field capacity before any drainage could be expected, even though preferential water flow, mainly in the clay soil, may have also occurred in the drier soil.
Phosphorus Leaching Comparing a Clay and a Sand Soil without Plant Material
The overall differences in leaching loads of total P and PO 4 -P between the two soils were apparent throughout all of the simulations (Fig. 1) . The two soil types were significantly different in all four simulations for total P, but only for Simulations 1, 3, and 4 for PO 4 -P, with the PO 4 -P fraction being a large proportion of the total P lost (Fig. 1) . All clay leachate loadings were similar throughout the experiment, but the sand soil showed a constant increase in leachate losses of P. During the four rainfall simulations, the increase was from 0.129 to 0.301 kg P ha -1 (Fig. 1) . Leaching of total P in the clay soil control went from 0.055 to 0.085 kg P ha -1 .
The soil test results (Table 1) illustrate some similarities as well as differences between the two soils used in this study. The soils were different in terms of ammonium lactate extractable P, with the Nåntuna sand between 116 and 155 mg kg -1 and the Brunnby clay at 47 mg kg -1 . This is classed as a 4(a) or 4(b) for the sandy soil and a 3 for the clay soil out of the five possible classes used to categorize available soil P in Sweden. Table 4 . The mean amount of drainage water (±SE, n = 1-5) collected from the lysimeters from each of the two soils and four rainfall simulations. The desired application was 50 mm. Rainfall simulation Soil Mean This suggests an already larger pool of available P for leaching in the sand, although further insight into this testing method is required. The test itself was designed for more acidic soils using an extraction pH of 3.75 (do Carmo Horta et al., 2010). The two soils in this study had pH values between 6.2 and 7 (Table  2) , which is more neutral to alkaline. Due to these relatively high pH values and the high amounts of ammonium lactate extractable Ca present (Table 2) , which could be potentially bound to the P and immobilizing it (Neyroud and Lischer, 2003) , the test could give an unreliably high estimate of P in the soil. The difference between the soil test results could also be a good indication as to why the sand control results in Fig. 1 were always higher than those of the clay soil. Even though the pH of the soils was not ideal for this soil test, it is the most common soil P test used in Sweden and many other European countries, and due to the low impact on the objectives of the study, the soil analysis was still thought usable. Phosphorus may also be released from the freezing and thawing process, possibly affecting the buried couch grass plants that were contaminating the sand soil, which have shown to release high concentrations of PO 4 -P and which could explain the greater losses from the sand control compared with the clay (Fig. 1) . Bechmann et al. (2005) found that the presence of roots in the top 0 to 1 cm of soil significantly increased the soil P content.
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Phosphorus Leaching Comparing a Clay and a Sand Soil Including Plant Material
In general, the clay soil had greater variability, shown by the standard error of the mean, and, with few exceptions, also had larger leaching losses of P (Fig. 2) , with around twice as much total P lost from the combined (soil including plant material) simulations than the sand (Table 5 ). In the clay soil a trend occurred, with chicory, oilseed radish, and ryegrass often having larger leaching loads than honey herb and the control treatment. During the first rainfall simulation for clay, however, ryegrass and honey herb had greater losses than the other plant types, while after the first freezing event it changed and honey herb had significantly less leaching. The sand soil leaching loads were more consistent, with no large increases or decreases between simulation events in comparison to the clay soil. Table 5 . Combined total P leached from all four simulations from the sand and clay with plant treatments as well as the plant-only experiment.
Plant Clay soil + plant Sand soil + plant
Plant only PO 4 -P Total P PO 4 -P Total P PO 4 -P Total P ----------kg ha -1 ----------Ryegrass There were no statistical differences in total P in the first rainfall simulation between any treatments. Simulation 2 and 3 showed variable significance in the results between the treatments, with a high degree of significance between the chicory clay and the chicory sand treatments (P < 0.05).
The PO 4 -P leaching loads had a similar pattern to that of total P (Fig. 2) , with the same plants also having the greater leaching losses. This is due to the proportion that PO 4 -P was of the total P in the clay soil leachate, being roughly 80 to 90% in the first rainfall simulation. In the following simulations, it ranged from 16 to 67%, which indicates that PO 4 -P was a significant part of the total P losses. Honey herb had the least leaching losses and the clay chicory and ryegrass had the most. The clay had the highest peaks in the second rainfall simulation, with sand leaching losses being only a fraction of the clay leaching losses in that simulation. Throughout the second and third simulations, ryegrass clay and sand were significantly different, with clay having higher leaching loads.
The differences in P leaching amount ( Fig. 2 ; Table 5 ) and the time taken for significant leaching to occur (Table 1) may be explained by the presence of preferential flow in the clay soil and flow through the soil matrix in the sand. Preferential flow is typically caused by the presence of root channels, worm holes, and cracks in the soil causing fast movement of solutes to lower soil layers or even to the groundwater under natural conditions (Sinaj et al., 2002) . This action is in contrast to the recognized matrix or "piston" flow (Haygarth and Jarvis, 1999) , which also occurs in sandy soils to some extent. During "piston" flow, there is a greater chance that the P in solution released from plant material will be slowed down or stopped by the presence of narrower pathways and by soil particles blocking flow pathways (Tindall et al., 1986) , allowing the binding of P.
Although the greatest losses of P were from the clay soil, it does not necessarily mean that this soil type is particularly susceptible to P losses and that catch crops on clay soils are unsuitable. Bergström et al. (2007) suggested that the presence of a catch crop is important to remove excess amounts of potentially leachable P from the soil outside the cropping season, which in Scandinavia is commonly around 15 to 50 kg ha -1 . This is similar to what was found in this experiment, and if the correct plant type is chosen, it can make a noticeable difference to leaching loads reaching surface waters and the Baltic Sea. On the other hand, even though there was less leaching loss from the sand soil in this experiment, that is not to say that growing catch crops on sand soil is the solution. With time, the large inputs of P from plant material combined with the lower outputs could cause a gradual P accumulation within any soil, which could increase the eventual chance of P release to the soil water (Sharpley and Rekolainen, 1997; Nash and Halliwell, 2000) .
Phosphorus Leaching from the Plant-Only Experiment
Losses of total P from the plant species without soil were considerably larger than from the plant and soil experiment (Fig. 3) . In the first rainfall simulation, the greatest losses of 2.1 kg P ha -1 from honey herb, consisting mostly of the PO 4 -P fraction, were followed by 1.3 kg ha -1 from oilseed radish, although the difference was not significant. This was followed by ryegrass at 0.98 kg ha -1 (no significant difference from oilseed radish) and chicory at 0.24 kg ha -1 , which was significantly different from honey herb (P < 0.05) and oilseed radish (P < 0.05) but not ryegrass.
The leaching losses in general were largest in the second simulation, after the first freezing event (Fig. 3) . Chicory and oilseed radish had the greatest leaching losses after the second rainfall simulation, with almost five times the total P lost from the chicory and oilseed radish than from the ryegrass and honey herb (P < 0.001) (Fig. 3) . Ryegrass and honey herb losses were not different from one another statistically, nor were they different (P > 0.05) from the control treatment. The pattern was the same as for the soil simulations: there was a leaching peak after the second rainfall simulation followed by a decrease in loading during the third and fourth simulations. This was not as defined for honey herb, however, because it still had smaller losses for the second and third simulations than the chicory (P < 0.0001) and oilseed radish (P < 0.001, P < 0.05), but not the fourth for either. During the second rainfall simulation, ryegrass lost ?62% of the cumulative total P leaching load from the four simulations, honey herb ?38%, chicory ?62%, and oilseed radish ?67%. This exemplifies the significant impact that the freezing event had on the release of P from the plants.
Of the total P in the leachate, most was PO 4 -P (?50-90%), with only a few exceptions in the honey herb and control treatments. The PO 4 -P leaching load from the first rainfall simulation (Fig. 3) was significantly greater from the honey herb than all other treatments (P < 0.05) except oilseed radish. In the second simulation, honey herb, ryegrass, and the control treatments were not statistically different, but chicory and oilseed radish had significantly greater (P < 0.0001) leaching loads than the other three treatments, with chicory having the greatest losses overall. In the third and fourth rainfall simulations, chicory again had the greatest leaching load compared with the other treatments (P < 0.001), whereas ryegrass, honey herb, and the control had the smallest PO 4 -P loads, which were not different from one another.
To understand why there were such large leaching loads from some plants and small loads from others, a review of the experiment and other work in similar research was undertaken to see if there were any unusual occurrences in this experiment. Bechmann et al. (2005) performed an experiment similar to this with catch crops and freeze-thaw cycles and found that their ryegrass had a total P content of 5800 mg kg -1 dry matter (DM), even though their results showed that leaching losses from ryegrass plants did not contribute to elevated P levels in the leachate. Ulén (1997) evaluated a ryegrass catch crop with a total P content of 3800 mg kg -1 DM and also found that losses from that catch crop were too small to be of concern. In the current experiment, ryegrass had a total P content in the tops of 7287 mg kg -1 DM. Belesky et al. (2001) reported P contents of 4400 mg kg -1 in a young crop of chicory and 3700 mg kg -1 in an older crop, whereas in the current experiment, chicory was 7305 mg kg -1 . These other values indicate that in comparison, the P concentrations in plants from this study were higher. This was probably due to the ideal indoor growing conditions and luxury supply of P applied in the fertilizer. The percentage of total P in the plant biomass before leaching ranged from 0.95 in chicory to 0.79 in oilseed radish, 0.73 in honey herb, and 0.73 in ryegrass. When compared with previous research on different crops, the values from this experiment were high. Wilczewski and Skinder (2009) found 0.4% total P in honey herb and 0.54% in oilseed radish residues. They noted that oilseed radish had the highest P content during the 3 yr of their trial (including sunflower [Helianthus annuus L.] and honey herb). This illustrates that P contents can change depending on the plant species and the growing conditions experienced.
The actual loading of the plant material used in this experiment could also be a potential cause of the high leaching loads experienced. Table 2 shows the loading of plant material ranked from the highest application with honey herb (5152 kg DM ha -1 ) to the lowest ryegrass (2765 kg DM ha -1 ), with chicory (4813 kg DM ha -1 ) and oilseed radish (4658 kg DM ha -1 ) in between. With a higher loading rate, higher P leaching loads would be expected, which was found by Miller et al. (1994) . They observed a significant increase in P leaching with a loading increase from 2000 to 4000 kg DM ha -1 in both ryegrass and oilseed radish high-N treatments; however, this was not the case in this study ( Fig. 2 and 3) . Instead, the highest loading rate from the honey herb presented some of the smallest leaching losses in both experiments (with and without soil present). Moreover, ryegrass with the lowest applied loading (Table 2 ) resulted in some of the largest losses (Fig. 2, Simulation 2) .
The high losses of P from ryegrass, honey herb, and oilseed radish in the first simulation suggest a greater proportion of water-soluble P present in easily accessible areas on the plant for the simulated rainfall to remove. This was also noted by White (1973) , who found that leaching by rain or melting snow reduced the total amount of soluble ions in the plant. In the second simulation, all of the plants tested had larger leaching losses than in the first simulation due to the effects of the freezing and thawing process on the plants. Heber (1967) suggested that freezing causes damage to the membranes surrounding the protoplasm of plant cells. Bechmann et al. (2005) noted that water-extractable P (WEP) in ryegrass increased dramatically after freezing and thawing events and that only 0.9% of the total P was actually WEP in the fresh plant material, compared with 40% after freezing and thawing. They found that the WEP concentration increased in a logarithmic scale with the number of freezing and thawing events, up to six freezing cycles. In the current experiment, the total P increased only after the first freezing and thawing cycle. Miller et al. (1994) reported P leaching losses from oilseed radish and ryegrass around 30% of the total biomass P. Research from Uusi-Kämppä (2007) found that between 60 and 80% of the total biomass P was lost from buffer strips during freezing and thawing cycles, with most of it occurring after the first cycle, which is similar to this experiment.
Comparison between the Plant-plusSoil and Plant-Only Experiments
The pattern of total P losses from the second simulation were similar between both experiments (with and without soil). Chicory had the largest leaching loads, followed closely by oilseed radish and ryegrass together, and lastly honey herb. In the first rainfall simulation, with no freezing and thawing events having yet occurred, it was almost the complete opposite result. Chicory had the smallest and honey herb the largest losses, suggesting different plant characteristics that protect some plants and not others from rain-induced leaching.
The large variation in leaching between the plant-plus-soil and the plant-only experiments illustrated in Table 5 was largely due to the filtering capabilities of the soil. The difference in total P in the leachate with and without soil averaged 95% removal for sand and 90% removal for clay when comparing all plant species together. This was due to two possible reasons: first, particulate P was filtered out of the leachate, and second, a slower water velocity allowed P in the leachate to adsorb to many of the sorption sites present in the soil matrix. The combined leaching of total P lost from the ryegrass during the four simulations on the clay soil was 2.3 kg ha -1 , which is considerably less than the plant-only ryegrass loss of 10 kg ha -1 total P. Even more so is the difference for chicory, which lost 1.05 kg ha -1 from the sand and plant experiment and 2.5 kg ha -1 from the plant and clay soil compared with 52 kg ha -1 from the plant-only experiment (Table 5 ). The relatively high concentrations of Fe 3+ and Al 3+ in both soils (Table 1 ) also helped with the binding of P and therefore reducing leaching through the soil profiles.
The presence of soil clearly reduced the leaching potential from the catch crops and is therefore a very important step before the leachate reaches drainage channels. The difference between the catch crops was also clear in that oilseed radish and chicory had the greatest leaching losses throughout the two experiments. This agrees with the results of Miller et al. (1994) , who found that oilseed radish leached more P than ryegrass.
CONCLUSIONS
The use of catch crops can help remove excess available soil P, but careful plant selection must be considered. This is due to the large variation in P released from different plant species exposed to freezing and thawing, as shown by the four chosen in this experiment. The soil texture can also be a factor in the increased or decreased risk of losing P to surface waters. The clay soil had generally greater losses of P than the sand in this experiment, probably due to the presence of preferential flow in the clay. The soil acted as a very efficient filter and removed up to 98% of leachable total P from the chicory treatment. It is important to point out that although these results suggest potentially large losses of P from plants and resulting high soil loadings, the experiments were conducted under ideal indoor conditions, with large potential soil P supplies, and the results may therefore not be directly transferable to natural environmental conditions. On the basis of the results obtained in this experiment, however, some possible alternate solutions for the use of catch crops in practical farming applications can be suggested. These include removal by harvesting of excess biomass from the catch crop in the autumn before a freezing event occurs to minimize the amount of potential P available to be leached. The choice of catch crop is also important. For example, ryegrass, which lost relatively less P when exposed to freezing conditions than the other tested catch crops in this experiment, is a good selection. It also has a suitable plant structure and typical stem population density that, when harvested, can provide a physical barrier to help prevent potential surface runoff of P (not discussed here). It is also currently the most used catch crop in Sweden, which gives reassurance that this is a suitable crop for reducing P losses to surface water and ultimately to the Baltic Sea, even though the subsidies farmers receive are for reducing N losses, not P.
Further research into identifying the most suitable crop for reducing P leaching in an outdoor environment as well as utilizing lysimeters of greater soil depths is recommended to further understand the P losses that could potentially occur in a field scenario. This would provide more accurate information to advise those farmers using catch crops in their crop rotations.
